The interaction of all mobile species with their environment hinges on their movement patterns: the places they visit and how frequently they go there 1-3 . In human society, where the prevalent form of cohabitation is in cities, the highly dynamic and diverse movement of people is fundamental to almost every aspect of socio-economic life, including social interactions 4, 5 or disease spreading 6, 7 , and ultimately is key to the evolution of urban infrastructure 8 , productivity 9 , innovation 10-12 and technology 13 . However, despite the crucial role of the spatio-temporal structure of movement in cities, the laws that govern the variation of population flows to specific locations have remained elusive. Here we show that behind the apparent complexity of movement a surprisingly simple universal scaling relation drives the flow of individuals to any specific location based on both frequency of visitation and distance travelled.
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We derive a first principles argument stating that the number of visiting individuals should decrease as an inverse square of the product of visitation frequency and travel distance; or, equivalently, as a power law with exponent ≈−2. Using large-scale data analyses, we demonstrate that population flows obey this theoretical prediction in virtually all tested areas across the globe, ranging from Europe and America to Asia and Africa, regardless of the detailed geographies, cultures or levels of development. The revealed regularity offers unprecedented possibilities for the modelling of mobility fluxes at high spatial and temporal resolution, and it places an important constraint on any theory of movement, spatial organisation and social interaction in cities.
Places attract humans for a multitude of individual reasons that range from daily work and social interactions to entertainment and recreation. Consequently, collective visitation patterns typically span a wide range of both temporal and spatial scales, from highly frequent visitors within a nearby neighbourhood to those that travel over several thousand kilometres to visit a specific location once in a lifetime. Indeed, the attractive forces that constantly act on populations drive the volatility of human activities in space and time 14, 15 , giving rise to heterogeneous yet predictable trajectories of individuals 16, 17 as well as to remarkable regularities in the aggregate organisation of human agglomerations 8, 18, 19 . Understanding the highly dynamic population flows to different locations is therefore key to elucidating the social mixing and interactions among people 20, 21 that catalyse the essential socio-economic activity of a city 22 . But until now, social interaction models [23] [24] [25] [26] [27] have confined their focus to purely spatial aspects of collective population flows, ignoring the importance of their inherent frequency spectrum. Hence, an essential component of urban dynamics critical for understanding human agglomerations has been neglected.
In this paper we address this omission and develop a general theory that predicts that the spatio-temporal structure of movement in cities follows remarkably simple universal rules that are well supported by data from across the globe. Our quantitative model is based on general principles and provides a comprehensive analysis of how often and from how far away people are attracted to any specific location. The complexity of the spatio-temporal movement is reduced to a single dimension, which allows us to decompose the total flow of individuals to any given location into the underlying distribution of both visitation frequencies and travel distances. Importantly, these predictions are consistent with, and made manifest in a micro-level mechanistic model of individual behaviour constrained by the spatial organization of cities as interacting attraction centers 28 . To provide real-world evidence for the universality of our predictions, we compiled a large-scale data set that contains detailed trajectories of millions of individuals in highly diverse urban regions on four different continents -the Greater Boston area in the USA, Portugal, Senegal and Singapore (Supplementary Information section III).
To quantify both the spatial and temporal aspects of population flows, we define the flow q to a location as the number of individuals travelling from a distance r away and visiting with frequency f , per unit area of the origin and per unit frequency. For a fixed f , we observe that the flow decreases with distance r (Fig. 1 , from left to right). This generalises the well-known distance decay of social interactions -for which however no general expression has been derived so far and which is typically reported without temporal considerations 29 -to include distinct travel frequencies. Similarly, keeping r fixed, q decreases with increasing visitation frequency f ( Fig. 1 , from top to bottom).
As a first step in developing our model for understanding this behaviour quantitatively, we use a dimensional argument to reduce the (r, f ) phase space of spatio-temporal flows to a single variable. In addition to r and f , the flows q to different locations typically depend on many diverse factors including the average travel speed in the city u, the characteristic length of the city l (e.g., length of the roads) and a series of location-specific socio-economic factors {y 1 , y 2 , . . . , y n } (e.g., population density, number of amenities) 8 . Dimensional analysis, however, suggests that this dependence can be expressed mathematically in a dimensionless and simplified form (see derivation in the Supplementary Information section II) asq =F rf u , y i yn 1≤i<n
, whereq ≡ ulq andF is some unknown function. We therefore expect that for any fixed location x the dominant variation ofq x and therefore of q x is determined by rf ,
where the function F x remains to be determined. Indeed, any visitor whose home is at a distance r covers, on average, a distance rf per unit of time on the way towards the location x. We therefore refer to the radial speed v ≡ rf as the visiting velocity. It can be thought of as analogous to the bulk drift velocity of a gas driven by a pressure gradient and is to be distinguished from u, the average travel speed of an individual in the city. Our theoretical expectation is consistent with the data: the histogram of q x in terms of the rescaled variable rf shows a striking collapse of our measurements onto a single curve as illustrated in Fig. 1 (compare the panels along the diagonals for v = 8, v = 16, v = 32, and v = 64 km/month) and shown in more detail for the example of Back Bay
West in Boston ( Fig. 2a,b ). This same empirical validation is confirmed through the analysis of the flows to more than 20,000 locations in cities worldwide (Fig. 2c 23 . This is our first main result: the flow to any location depends on the single variable v = rf and not on the variables r and f separately.
Can we predict the mathematical form of F x ? To answer this question, we start from the general observation that travellers typically seek the fastest and shortest route, one that takes the least time and traverses the shortest distance 8 . Ideally, this means travelling along straight lines, which in a city is usually impossible. There is no choice but to follow the meandering roads and rail lines, so any specific journey involves a zigzagging route. However, when viewed at a larger scale with a coarse-grained spatio-temporal resolution, aggregated and averaged over all journeys and over long periods of time, we can assume a steady-state configuration in which a constant number of people are travelling approximately radially along spokes of circles at constant speed v = rf . The centre of each circle is their specific destination which acts as a hub.
To translate this behaviour into a mathematical model, let us define Q f (R) as the number of unique individuals who are visiting location x with frequency f and whose home (considered permanent) is located within the disk B(x, R) of radius R around x. We can then conceptualise the attracting destination as a 'well' (or 'magnet') that generates a 'potential field' triggering the inward radial movement of visitors at speed v = rf . Since all trips are assumed to start from home (which is not restricted to commuting 30 ), the visitors can be modelled as individuals that remain located at home, but carry an attraction potential that is equivalent to the local flux j f (r) ∶=
is the local density of visitors and v f (r) is the radial visiting velocity
with v f (r) = rf ( Fig. 3a ). Our main working hypothesis, again motivated by the hydrodynamic analogy of a well, is that for a fixed x the total attraction potential carried by a contour line (i.e. a circle around x) is constant. More explicitly, we assume that for any r 1 , r 2 ≥ r ε , where r ε is the cut-off size of the location,
whereḂ(x, r) denotes the circle of centre x and radius r. This hypothesis is well supported by the data (Supplementary Information section IVA). If we further assume that the flows are approximately radially symmetric (see Supplementary Information section IVB for a detailed discussion), we get
. In particular, for r 1 = r ε and any r > r ε ,
We can now deduce that the number of individuals visiting with frequency f from B(x, R)
verifies
Data from across the globe strongly support the resulting prediction that the total number of visitors across all frequencies increases logarithmically with distance R, Fig. 3b,c ). Finally, we can also deduce that the number of visitors per frequency and per area to
Our theory therefore predicts
Empirical population flows in different urban regions across the world are in excellent agreement with the theoretically predicted inverse square law ( Fig. 2b ,c, Figs. 6-12 and Supplementary Information sections IVC-D). Importantly, the discovered regularity is largely unaffected by location-specific conditions, including strong variations in surrounding population densities or in the level of economic or infrastructural development, and thus signals a universal principle behind the organisation of radically different urban systems. This is our second main result: the flow of individuals to any given location scales as the inverse square of visiting velocity.
The discovered scaling relation implies that for any location the magnitude of the entire frequency-distance spectrum of flows can be obtained by just knowing one single point on the scaling curve. This simplification opens up an unprecedented range of possibilities for the prediction of various flow quantities between each pair of locations. To demonstrate this, we present a simple method that uses population density ρ as the sole input. The location-specific proportionality constant k x such that q x (rf ) = k x (rf ) 2 can be estimated by assuming that individuals return back home on a daily basis 29 , which gives rise to a local flow with minimum frequency f home ≈ 1 day −1 .
Using our continuous hydrodynamic analogy, this can be translated into a boundary condition at r = r ε , dictating that the minimum visiting frequency of all individuals living directly on the boundary of an attracting location corresponds to the minimum frequency of all individuals living just inside the boundary ( Fig. 15 ). This can be written as ρ(r ε ) = ∂Q tot
Once the value of k x has been evaluated, the average daily number of trips from 
, is obtained in the same manner. All of these predictions are in remarkable agreement with the data (Fig. 4 ). Besides population density, our framework allows for the use of a broad range of alternative input quantities (Supplementary Information section IVE).
For instance, if the total rate of trips arriving at a given location is known (e.g., from simple traffic counts), the flows between individual locations can be calculated for different times of the day, without the need to specify the frequency limits (Supplementary Information section IVF).
We further compare these predictions to those of the gravity model 24 and the radiation model 27 , which are currently the most widely used mobility models for the flow of individuals 29 (Supplementary Information section VIA). These existing approaches have been criticised for their lack of predictive power at fine-grained (intra-urban) spatial scales, which shows that they miss some of the essential mechanisms behind the population flows inside cities 31, 32 . This is indeed confirmed by our analysis (Fig. 4a ). Another fundamental limitation is that they do not take into account the frequency of flows. As a consequence, the gravity model requires separate parameter calibrations for each specific flow quantity so that knowing the number of trips does not allow to infer how many unique individuals are actually visiting a location over time and vice-versa consequences (e.g., for the modelling of infectious diseases). Our theory resolves both of these fundamental limitations. It is based on general principles that are applicable in particular to finegrained spatial scales ( Fig. 4a ) and it allows for the simultaneous prediction of both the number of trips and the number of individuals across the entire frequency spectrum without the need for model calibrations (Fig. 4b,c ). This superior performance of our framework is empirically confirmed in all the world regions considered here ( Fig. 4d ).
Several additional consequences follow from our theory. First, it makes it possible to accurately predict the total number of miles travelled that a particular location induces over time (e.g., for estimating traffic-related CO 2 emissions), to determine a location's range of influence (e.g., for the planning of infrastructures or business establishments) or to explore social mixing patterns.
Second, and perhaps surprisingly, the derived scaling relation also implies that, on average, the To demonstrate the robustness of our results, we additionally vary the cell size in the range 250 m ≤ s 0 ≤ 2 km (Supplementary Information section V). We quantify the influx as q k ≈ ∆Q tot k (∆A∆f ), where ∆Q tot k is the count of users who live at distance [r, r+s 1 ) and visit cell k with frequency [f, f +∆f ), and ∆A is the area of the corresponding annulus with radius r and width s 1 . In the main text we use s 1 = 1 km for all regions, while our results are robust against changes of this value (Supplementary Information section V). 
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